Purpose: Prostate-specific membrane antigen (PSMA) is a recognized target for imaging prostate cancer. Here we present initial safety, biodistribution, and radiation dosimetry results with [
Introduction P rostate cancer is the most common cancer among men in the USA with an estimated number of new cases of 233,000 annually; it also represents the second most common cause of cancer-related death in men [1] . While often curable, there remain a large number of patients with residual, recurrent, and metastatic disease who need imaging for lesion detection, therapeutic monitoring, and restaging. Conventional anatomic and functional imaging including contrast-enhanced computed tomography (CT), [
99m Tc] methylene diphosphonate (MDP) bone scan, ultrasound, or
Correspondence to: Martin Pomper; e-mail: mpomper@jhmi.edu magnetic resonance imaging (MRI) may not be sufficiently sensitive and specific for detection of prostate cancer lesions [2] [3] [4] [5] . Positron emission tomography (PET) employing 2-deoxy-2-[
18 F]fluoro-D-glucose (FDG PET), the clinical standard for a number of other cancers, has demonstrated mixed results in imaging prostate cancer [6] [7] [8] [9] .
A number of new PET radiotracers have been introduced for imaging prostate cancer [10] [11] [12] [13] [14] [15] . Proving particularly effective are low-molecular-weight agents that bind to the prostatespecific membrane antigen (PSMA), which is highly expressed in castration-resistant, metastatic prostate cancer [16] [17] [18] . We recently published the synthesis and first human imaging results of a selective low-molecular-weight inhibitor of PSMA, [19, 20] . Subsequently, similar urea derivatives radiolabeled with gallium-68 have been introduced by us [21] and others [22, 23] .
Images obtained with [ 18 F]DCFBC enabled reliable detection of lesions due to prostate cancer, yet they demonstrated considerable blood pool activity [20] . Such persistent blood pool activity could potentially interfere with the detection of lymph node metastases in the retroperitoneum and pelvis that are adjacent to large blood vessels. In part to address this potential limitation, we developed a second-generation low-molecular-weight, PSMA-targeted PET radiotracer, 2-(3- [24] . Tissue binding of [ 18 F]DCFPyL for PSMA (K i =1.1±0.1 nM) is more than five times greater than the already high affinity of our first-generation radiotracer, [ 18 F]DCFBC. Pre-clinical imaging with [ 18 F]DCFPyL demonstrated PSMA(+) PC3 PIP to (isogenic) PSMA(−) PC3 flu tumor ratios exceeding 300:1 at 2 h post-injection with minimal non-target tissue uptake [24] .
The goal of this first-in-human study was to investigate the safety, biodistribution, radiation dosimetry (including calculation of dose-limiting organ), and feasibility of tumor detection of [ 18 F]DCFPyL in patients with known prostate cancer. Additionally, given the dynamic nature of the PET acquisitions performed, we hoped to gain insight into the optimum time point for imaging with this radiotracer.
Materials and Methods

Chemistry
DCFPyL was prepared according to a modification of a literature procedure [24] using 2,3,5,6-tetrafluorophenyl-6-fluoronicotinate [25] and (S)-di-tert-butyl 2-(3-((S)-6-amino-1-(tert-butoxy)-1-oxohexan-2-yL)ureido)pentanedioate formate salt [26] to provide a route that would conform to current good manufacturing practice (cGMP). N,N,N,-trimethyl-5-((2,3,5,6-tetrafluorophenoxy)carbonyl)pyridin-2-aminium trifluoromethanesulfonate was also prepared according to a modification of a literature procedure [27] to conform to cGMP.
Radiochemistry
[ 18 F]DCFPyL was prepared using a modified dual-run FDG synthesis module according to a modification of a previously published synthetic route [24] . Briefly, the F-18-labeled prosthetic group, 2,3,5,6-tetrafluorophenyl-6-[
18 F]fluoronicotinate ( 18 F-FPy-TEP) was synthesized and purified by solid-phase extraction, followed by coupling to (S)-di-tert-butyl 2-(3-((S)-6-amino-1-(tertbutoxy)-1-oxohexan-2-yL)ureido)pentanedioate formate salt and acid hydrolysis to afford [
18 F]DCFPyL with an average nondecay-corrected radiochemical yield from [ 18 F]fluoride of 2.8 ±1.2 %, specific activity of 159±45 GBq/μmol (4298±1228 Ci/ mmol), and 100 % radiochemical purity (n=9). The average time of synthesis was 90 min. [ 18 F]DCFPyL was eluted from the purification cartridge with 1 ml of ethanol followed by 10 ml of 0.9 % sodium chloride via a sterilizing 0.22 μm filter into a sterile vial containing 4 ml of 0.9 % sodium chloride. We required ≥95 % chemical purity for human administration of [ 18 F]DCFPyL.
Patients
This study was approved by the Institutional Review Board at our institution. Written consent was obtained from each patient. Human research was also approved by the FDA under the auspices of an exploratory investigational new drug application (eIND # 121,064 3 ; neutrophil count91000/mm 3 ; the patient was judged by the investigator to have the initiative and means to be compliant with the protocol; the patient or their legal representative must have had the ability to read, understand, and provide written informed consent for the initiation of any study-related procedures. Out of the total of nine patients, eight patients met these inclusion criteria.
One of the patients lacked evidence of disease on conventional imaging and was found to have a PSA value of only 0.1 ng/ml (though this value may have been relatively depressed by treatment with androgen deprivation). There was strong clinical suspicion for (4) another radioisotope administered within five physical half-lives prior to study enrollment; (5) serum creatinine 93 times the upper limit of normal; (6) total bilirubin 93 times the upper limit of normal; (7) liver transaminases 95 times the upper limit of normal; (8) treatment with an investigational drug, investigational biologic, or investigational therapeutic device within 30 days prior to study; (9) radiation therapy or chemotherapy within 2 weeks prior to study; and (10) prior history of any other malignancy within 3 years, other than basal cell carcinoma of the skin. Pre-study and post-study evaluations performed within 2 weeks of administration of [ 18 F]DCFPyL included as follows: medical history and physical examination with vital signs, laboratory tests (complete blood count (CBC) with differential and a comprehensive metabolic panel to include blood urea nitrogen (BUN), creatinine, alkaline phosphatase, total bilirubin, and liver transaminase levels), and ECG.
Study Procedures
Patients were identified and proposed by their treating physicians. Eligibility was verified, and a study investigator reviewed the study with the patient and obtained written consent. Patients fasted for 4-6 h prior to injection of [ 18 F]DCFPyL, which is our standard protocol prior to imaging with FDG although the necessity of fasting or non-fasting status has not been established with [ 18 F]DCFPyL. Vital signs (blood pressure, heart rate, respiratory rate) and ECG were taken prior to administration of the radiotracer, and continuous monitoring with pulse oximetry was performed during PET/CT scanning.
Two intravenous (IV) peripheral catheters were placed, one for radiotracer injection and one on the contralateral arm for withdrawal of blood samples. Patients were asked to void prior to administration of [ 18 F]DCFPyL, between the fourth and fifth PET scans, and after the fifth PET scan. Urine samples were collected for measurement of excreted radioactivity.
An average bolus of 320. PET/CT scans were performed on a Discovery DRX PET/CT scanner (GE Healthcare, Waukesha, WI, USA) operating in threedimensional (3D) emission acquisition mode and using CT for attenuation correction. A low-dose CT scan was performed followed by four sequential PET scans from the mid thigh to the skull vertex (including 7 to 8 fields-of-view depending on patient height) beginning immediately post-radiotracer injection. For the first of these PET scans, imaging was performed for 1 min per bed position, while for the second PET scan, imaging was performed for 2 min per bed position, and for the third and fourth scans, imaging was performed for 4 min per bed position. These acquisitions are labeled as PET1 through PET4 for the duration of this manuscript. After PET4, the patient was asked to void and a urine sample was collected. At 120 min following the injection of [ 18 F]DCFPyL (usually, approximately 30 min after PET4), a second low-dose CT was obtained followed by a fifth 3D PET acquisition (PET5) at 4 min per bed position.
Blood samples were obtained from the vein contralateral to the site of injection for evaluation of biodistribution and metabolism at three time points: (1) after PET2, (2) after PET4, and (3) after the completion of PET5.
Nine patients returned within 30 days after [ 18 F]DCFPyL PET/ CT imaging for a follow-up history, physical examination, routine blood chemistry analysis, and ECG. A study member contacted one patient within 30 days after the [
18 F]DCFPyL PET/CT imaging study to query about late-occurring adverse events.
Image Analysis
The PET/CT images were visually reviewed on a MIM workstation (MIM Software, Cleveland, Ohio) by two readers board certified in nuclear medicine (ZS and SYC). The readers were not blinded to the identities or clinical histories of the patients. PET5 time point PET/CT foci of increased radiotracer uptake compared to surrounding soft tissue or blood pool were determined to be sites of suspected tumor, either with or without corresponding detectable tumor by correlative conventional imaging. Tumor uptake expressed as maximum standardized uptake value normalized to lean body mass (SUV max ) was used in each lesion to characterize tumor radiotracer uptake for the hottest tumor lesions in each patient (maximum of five lesions per patient). For this purpose, volumes of interest (VOIs) were drawn automatically at 50 % activity threshold of each lesion. Tumor-to-reference tissue was calculated as the ratio of lesion SUV max divided by SUV mean of the liver, blood pool, and muscle.
Radiation Dosimetry
Detailed dosimetry calculations were performed on four patients as described. The Medical Internal Radiation Dose (MIRD) S value schema [28] as implemented in the software code OLINDA/EXM (Vanderbilt University) [29] was used to perform the absorbed dose calculations as described previously [20] . Time-integrated activity coefficients (TIACs) (i.e., residence times) were obtained by drawing volumes of interest (VOIs) corresponding to each of the organs that could be positively identified on longitudinal PET scans. In most cases, the VOI covered the entire organ volume. For cases in which the entire organ volume could not be separated from adjacent structures, a smaller VOI was drawn to estimate the organ concentration. Total organ activity or activity concentration was integrated either by analytically integrating a fitted single or double-exponential function to the measured data or by numerical integration and then extrapolation based on a single exponential fit to the last four or five data points. Whole organ TIACs were divided by patient-specific organ masses obtained using CT VOIs and reference organ densities [30] . These were then multiplied by the reference organ masses listed in the OLINDA/EXM software to give scaled organ TIACs appropriate to the reference geometry used in OLINDA/EXM; TIACs concentrations were directly multiplied by the OLINDA/EXM organ masses. The MIRD bladder model [31] was used to calculate the absorbed dose to the bladder with a voiding interval of 1.5 h, the biological whole-body clearance half-life, and a fraction of 1. The absorbed dose to the lens of the eye was estimated as equivalent to the photon absorbed
dose to the brain. The absorbed dose to tissues that showed activity accumulation such as the lacrimal, parotid, and submandibular glands was calculated as the sum of the electron (positron) dose contribution and the total photon dose contribution from the brain to lens and glands and remainder body to brain. Monte-Carlo models using Geant4 are being developed to confirm the accuracy of these estimates and will be reported separately.
Blood and Plasma Activity, Plasma Metabolites
Blood and plasma activities were measured in a well-type counter using 0.5 ml aliquots collected from five subjects at the following time points: post-PET 2, post-PET 4, and post-PET 5. Each patient was asked to empty his bladder after PET4 and after PET5. Thus, urinary excretion was calculated at approximately 110 min and at approximately 160 min post-injection. Radiotracer metabolites in plasma were determined in three patients. For this purpose, plasma proteins were precipitated from plasma samples from the blood obtained post-PET 2, post-PET 4, and post-PET 5 (approximately 34, 110, and 160 min post-injection, respectively) by the addition of acetonitrile followed by centrifugation. The supernatant was spiked with non-radiolabeled DCFPyL, diluted with triethylammonium phosphate buffer (pH 3.2), and injected onto the radio-HPLC for analysis using a Gemini 4.6×250 mm C18 column (Phenomenex, Torrance, CA), and a mobile phase of 10 % acetonitrile/90 % triethylammonium phosphate (pH 3.2) at an elution rate of 2 ml/ min.
Results
Patients
Patients were an average of 70 years of age (range 63-79 years), with an average weight of 82 kg (range 79-84 kg) and an average height of 175 cm (range 168-183 cm). The Gleason score at first diagnosis was 7 in four subjects, 9 in four subjects, and 10 in one subject. The PSA value within a ±1 week time window from the date of PET imaging was 8.00 ng/ml (range 5.30-30.48 ng/ml). Individual PSA values and Gleason scores together with pertinent clinical information are listed in Table 1 .
Adverse Events
Patients have not experienced any severe adverse events. One patient reported two adverse events that were classified as unlikely to be attributable to the radiotracer (mild headache and mild nose bleed, both of which resolved without treatment and were considered grade I by the National Cancer Institute Common Terminology Criteria for Adverse Events (NCI CTCAE) Version 4.0). Another participant experienced a decrease in platelet count on routine assessment during the post-imaging follow-up which, at the time of publication, had not resolved but which was attributed to the participant starting treatment for prostate cancer. This was also a NCI CTCAE grade I adverse event. There were no radiotracer-related adverse events with monitored heart rate or blood pressure. Fig. 2 ) demonstrated physiologic radiotracer accumulation in the salivary glands, lacrimal glands, liver, spleen, and (predominantly small) intestines. Average time-activity curves for the organs that were dosimetrically evaluated are shown in Fig. 3 . There was rapid washout of activity from the blood pool and significant renal excretion with radiotracer accumulation in the bladder. No radiotracer uptake was seen in the brain. The pattern of physiologic biodistribution was not visually affected by the presence of metastatic disease (Fig. 4 shows serial MIPs of a patient with numerous sites of suspected bone and lymph node prostate cancer metastases; in comparison to Fig. 2 , in which the patient only had a single site of abnormal uptake in the pelvis that is not well demonstrated on the MIPs, there is no appreciable difference in the visible biodistribution). Red cell binding of the radiopharmaceutical was negligible at 20 min and non-detectable at 86 and 137 min postinjection (Fig. 5) . Analysis of plasma samples by high-performance liquid chromatography (HPLC) up to 173 min post-injection demonstrated that all plasma activities were in the form of unmetabolized radioligand (Fig. 6) . Average urinary excretion of the radiotracer was 11 % (range 6-15 %) by 2 h and 16 % (range 8-21 %) by 3 h post-injection. In the three patients studied, no metabolism of [ 18 F]DCFPyL was observed on radio-HPLC analysis. All of the radioactivity co-eluted at the same retention time as non-radiolabeled DCFPyL.
Biodistribution
Maximum intensity projection (MIP) images (representative patient shown in
Radiation Dosimetry
Detailed organ dosimetry derived from four representative patients is included in 18 F]DCFPyL shows significantly lower doses in most radiosensitive organs such as the thymus, osteogenic cells, red marrow, breast, testes, uterus and ovaries (though hypothetical in the context of an all-male patient cohort, we include calculated breast, uterus and ovarian dose so that the presented results may be more easily extrapolated to non-prostate cancer applications of this radiotracer). Less radiation dose was also measured in the stomach wall, small intestine, large intestinal wall, lungs, heart wall, brain, skin, muscle, thyroid and gallbladder wall. Radiation dose from [ 18 F]DCFPyL was higher in the kidneys, adrenals, urinary bladder wall, liver, pancreas and spleen. Fig. 2 . Maximum intensity projection (MIP) PET image sequence in patient # 3. This patient demonstrated physiologic tracer uptake in the salivary glands, lacrimal glands, kidneys, liver, spleen, small intestine, and urinary excretion. There was uptake also in a histologically confirmed metastatic lesion involving the rectal wall. 
Tumor Uptake
Visually, very high levels of uptake were observed in sites of putative metastatic disease, as well as in primary tumors in patients that had not undergone prostatectomy. In conjunction with the very low blood pool activity of [ 18 F]DCFPyL, the conspicuity of lesions was notably higher than with our first-generation radiotracer, [ 18 F]DCFBC. The overall uptake within the putative tumors increased from PET1 through PET5 (see Fig. 7 for representative tumor time-activity curves). The most [
18 F]DCFPyL-avid bone lesions demonstrated SUV max as high as 102.0 at the PET5 time point. Further, the most avid [
18 F]DCFPyL-positive lymph node lesion had an SUV max of 100.3 on PET5. The highest uptake we observed at a site of primary disease had an SUV max of 71.6 on PET5. The tumor-to-blood and the tumor-to-muscle ratios increased from PET1 to PET5 while the tumor-to-liver ratio increased from PET1 to PET4 but declined in PET5 (Fig. 7) . It is notable that high tumor uptake was achieved visually on both PET4 and PET5, with individual lesions demonstrating SUV max greater than 100 at both approximately 1 and 2 h postradiotracer injection, respectively.
No metastatic foci were observed in the liver or lungs. Patient # 3, with the lowest PSA value of 0.1 ng/μl, had only one detectable lesion in the rectal wall that was confirmed by biopsy. Patient # 7 had the highest PSA value of 204.8 ng/μl and had numerous positive lesions. A more comprehensive report of sites of suspected metastases visualized with [ 18 F]DCFPyL as well as comparison to conventional imaging will be reported separately.
Discussion
This first-in-man evaluation of the second-generation F-18-labeled, PSMA-targeted radiotracer [ 18 F]DCFPyL demonstrated a number of important findings. First, this radiotracer is safe to administer with only three NCI CTCAE grade I adverse events observed in the nine patients in this study, all of which were thought to be unlikely to be attributed to radiotracer administration.
Further, the biodistribution of [ 18 F]DCFPyL in humans parallels the expected uptake based upon the known distribution of PSMA. For example, uptake was high in the salivary glands, likely reflecting the high density of PSMA in these organs. Uptake was also high in the kidneys, which may be in part caused by specific PSMA binding [32] and in part by urinary excretion of the radiotracer, which resulted in accumulation within the urinary bladder. High activity in the salivary glands, kidneys, and bladder has been also observed with Ga-68-labeled PSMA-targeted radioligands [33] [34] [35] .
Accumulation of [ 18 F]DCFPyL in putative foci of prostate cancer was rapid and very high with some lesions demonstrating SUV max greater than 100. These exceptionally high SUV max numbers are comparable to the uptake reported in some metastatic prostate cancer sites evaluated with Ga-68-labeled PSMA-targeted ligands. This uptake also compares favorably to our previously reported firstgeneration radiofluorinated ligand. In particular, the maximum tumor uptake to average blood pool uptake ratios seen 
with [
18 F]DCFPyL (an average of at least 10:1 for all representative lesion types, Fig. 7 ) are notably higher than the same ratios observed with our first-generation radiotracer (average G4:1 for all representative lesion types [20] ). Rapid plasma clearance and low accumulation in the liver and muscle as compared to tumors result in very high tumor-tobackground ratios. High target accumulation was likely due to the internalization of the radiotracer-PSMA complex [36] .
Overall, these factors contributed to significantly improved visual conspicuity of suspected sites of metastatic prostate cancer in comparison to our first-generation radiotracer; for example, the low blood pool activity allowed for the definitive identification of presumed metastatic lymph nodes that were adjacent to large blood vessels in the retroperitoneum and pelvis. Other favorable features included very low red blood cell binding and the lack of radioactive metabolites circulating in plasma.
Visually, both PET4 and PET5 demonstrated high tumor uptake with relatively low blood pool, although a small number of small lesions became visible only on PET5. This suggests that imaging at approximately 1 h post-injection (similar to most clinical protocols with [ 18 F]FDG) would be likely to evaluate the full extent of disease in most patients. However, in certain clinical situations, such as those patients presenting with new biochemical recurrence who may have a low disease burden, if no convincing evidence of a disease site is noted at the 1 h time point, delayed imaging at 2 h may be valuable. Particularly at later imaging time points, radiotracer activity in the urinary bladder became substantial (Fig. 4) , which could conceivably obscure lesions adjacent to the bladder. In practice, we encourage patients to remain orally well hydrated and we also administer intravenous fluids to dilute accumulating activity in the bladder as much as possible. It has also become a part of our clinical protocol to begin whole-body PET acquisitions in patients being imaged with [ 18 F]DCFPyL starting with the mid thighs as the first bed position and proceeding cranially; this ensures that bladder activity is as low as possible at the time the pelvis is being acquired.
The radiation dose in the whole body and radiosensitive organs such as the red marrow, gonads, and breasts was low (0.01 mGy/MBq or less). Only men were included in this A recent retrospective analysis of Ga-68 PSMA imaging studies of 319 patients resulted in lesion-based sensitivity, specificity, and negative predictive (NPV) and positive predictive (PPV) values of 76.6, 100, 91.4, and 100 % and a patient-based sensitivity of 88 % [41] . We have given preference to radiolabeling with F-18 since it may allow centralized production and commercial distribution and eliminate the need for on-site radiolabeling. Imaging with 18 F may also result in higher image resolution and lesion detectability [42] . Our findings with [ 18 F]DCFPyL, notably the comparable tumor uptake and low blood pool activity, suggest that this radiotracer would also be of comparable diagnostic utility to the Ga-68 agents, although ultimately, a direct comparison would be necessary to assess this supposition definitively.
Conclusion
Data from this initial clinical experience demonstrate that PET imaging with [ 18 F]DCFPyL is feasible and safe. Physiologic accumulation of the radiotracer corresponds to the distribution of PSMA-expressing organs and excretion. Accumulation in primary tumor and metastatic lesions is very high, which may permit the prospective detection of residual tumor as well as regional or distant metastases with high sensitivity and specificity. Radiation dose is within limits for diagnostic radiotracers for PET.
